Abstract. We calculate weighted mosaic correlations between the recently published Planck 2015 foreground maps -both anomalous microwave emission (AME) maps, free-free emission, synchrotron radiation and thermal dust emission. The weighting coefficients are constructed taking account of the signal-to-error ratio given by the data product. Positive correlation is found for AME compared with thermal dust emission as well as synchrotron radiation. We find AME and free-free emission tending to be anti-correlated, however, when investigating different scales, their relationship appears to be more complex. We argue that dust particles responsible for AME are pushed out of hot zones in the interstellar medium (ISM).
Introduction
Following the release of the PLANCK full mission data, cosmology and astro-particle physics are confronted with major challenges concerning the verification of the theories of inflation [1] [2] [3] [4] . The rapid expansion at the earliest times of the Universe produces gravitational waves. This cosmological gravity wave background can be probed by precise measurements of the B-mode of polarization of the Cosmic Microwave Background (CMB), as done by [5, 6] . Also future effort will be related to this mission by a variety of space-and ground-based, experiments (both ongoing and planned) i.e. BICEP3/KECK, SPIDER, EBEX etc. which will be able to detect B-mode polarization with unprecedented pixel sensitivity.
All these experiments have to seriously take into account the recent Planck result [7] that there are no zones in the sky, including the BICEP2/KECK region, which are free of contamination from galactic origin. In addition, Anomalous Microwave Emission (AME) -a component not well understood and only recently added to foreground separation algorithms -further hampers one in obtaining a clean CMB map in both, intensity and polarization.
In order to prepare for coming data, a number of fundamental and practical investigations have to be performed. The development of new strategies and methods for the removal of foregrounds -thermal dust emission at frequencies ν > 100 GHz as well as synchrotron radiation, free-free emission and AME at ν < 100 GHz -is urgently required.
In this Paper we would like to analyze the morphology of the AME template in relation to other foreground components from the Planck 2015 data release [8] . In order to clarify the physics of AME, we cross-correlate its template with those of free-free emission, synchrotron radiation and thermal dust emission. For this we will use the mosaic correlation method (MCM), discussed in [9] [10] [11] with some modifications, described below. The specialty of the MCM is that it allows one to investigate correlations on different scales. In our analysis we restrict ourselves to regions outside the galactic plane in order to place focus on the non-trivial correlations. Furthermore, we weight the data determined by the signal-to-noise ratios of the respective maps. It is not surprising that we detect very strong correlations of AME with thermal dust and synchrotron emission, widely discussed in the literature [12] [13] [14] . However, we find significant anti-correlations between AME and free-free emission, especially on small scales (∼ 1 • ). This can shed new light on the physics of AME. For larger scales (∼ 7 • ) the results are strongly dependent on the weights chosen.
The structure of the paper is the following: Section 2 will briefly describe the production of the foreground templates by the Planck team. In Section 3 we will introduce the coefficient of correlation used in this analysis and as well as the weights used to account for errors. In section 4 we present the results of our analysis, with and without weighting the data. Lastly, section 5 discusses the outcome of our analysis.
The Component Maps
The Planck 2015 data release provided us with a selection of foreground maps in temperature and polarization of which we select five temperature maps for our analysis. In order to provide the reader with details about the physical processes behind respective components, we recap the essential assumptions for the calculations of the templates by the Planck group in [8] . 1 Synchrotron radiation is emitted by charged particles of relativistic velocities (mostly electrons from cosmic rays) accelerated in the interstellar, galactic, magnetic field. The spectrum arising from this radiation is assumed to have unbroken power law form for frequencies above 20 GHz. The Planck team used the GALPROP code [16] [17] [18] to estimate the spectrum caused by cosmic ray electrons. A shift parameter ν p acting as a free parameter for the subsequent optimization process was introduced to allow for the use of GALPROP at low frequencies. While this resulted in the determination of a template function f s (ν), the 408 MHz Haslam map [19] was used to determine the amplitude A s of the brightness temperature for synchrotron radiation:
where ν, ν 0 and α are the frequency, the reference frequency for the Haslam 408 MHz map, and the shift parameter (α = 0.26) respectively. AME, a phenomenon detected by [13] [14] [15] , currently is assumed to be sufficiently well described by spinning dust -rotating dust grains with an electric dipole moment which emit radiation at microwave frequencies, as proposed by [20] [21] [22] . This model [23] [24] [25] was used by the Planck team to fit the data. Effectively altering the width of the peak in the AME spectrum, the template was chosen to contain two spinning dust components, rather than only one, in order to fit the data properly: One had the freedom to change peak frequency over the entire sky only constrained by a Gaussian prior centered around 19 GHz with a width of 3 GHz, the other kept its peak frequency constant over the sky but could choose it freely fitting the data the best which resulted in a peak frequency of 33.35 GHz. The two components were evaluated at 22.8 GHz and 41.0 GHz respectively, providing the two AME maps (from now on referred to as AME1 and AME2). It was further noted that large systematic uncertainties correlated with synchrotron and free-free emission are associated with the spinning dust component fit.
Free-free emission arises from hot electrons being accelerated in intergalactic gas and regions of ionized hydrogen. The corresponding antenna temperature s f f (in µK RJ ) for free-free emission is given by
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where τ f f is the optical depth for free-free emission, g f f is the corresponding Gaunt factor and EM is the emissivity measure. The model chosen for the template used by Planck includes two free parameters, the emissivity measure EM given by the line-of-sight integration LOS dl n 2 e and the electron temperature T e . In Planck's component separation algorithm Commander priors were chosen as log(EM ) ∼ Uniform(−∞, +∞) and T e ∼ N (7000 K ± 500 K).
The thermal dust model used is a one component gray body model with a varying spectral index:
where ν d = 545 GHz, β d is the spectral index, T d is the dust temperature, A d is an amplitude (including terms of i.e. the black body spectrum as well as the optical depth), h is the Planck constant and k is the Boltzman constant. The priors were chosen as
. It is noted that the cosmic infrared background will be absorbed by this model as well.
All discussed maps can be seen in figure 1 . Unlike the others, the free-free emission map comes in units of pc cm −6 for the emissivity measure than in K for the brightness temperature. However, as can be seen from eq. 2.2, since τ f f is very small, s f f (ν) is approximately proportional to τ f f , and thereby proportional to EM . Therefore, the morphology of the temperature map is hardly any different from that of the EM map which justifies the use of the EM map for our correlations.
All foreground maps come with various extensions. Amongst them we find the map obtained by a maximum likelihood method within the Commander algorithm, a mean value map and a RMS map including the standard deviations for the mean value map. In our analysis, we will use the maximum likelihood map for calculations not including the errors. When regarding the error map, however, for obvious reasons, we will use the mean value map.
Mosaic Correlation
In general, a correlation of two maps in pixel space measures common spatial properties. However, these properties might only show up on certain scales. Recently, in a work by Hensley and Draine [26] correlations between Planck's AME and parameters of thermal dust emission were analyzed for the masked sky, based on a maximum likelihood approach. The conclusion given in this paper, that AME most likely originates from magnetic dust rather than spinning dust, cannot be ignored in future work regarding foreground estimation. The MCM, as mentioned in sec. 1, provides a means of mapping out regions of correlation on different scales. Since we also attempt to weight the data with appropriate coefficients, related to the errors given by the data product, we introduce the weighted correlation coefficient. Further, we also describe a method of assessing the significance of found correlations suiting our purposes.
Weighted Mosaic Correlation
The Mosaic Correlation method computes the correlation between two maps in defined regions, which collectively cover the entire sky without overlapping. The Healpix [27] pixelization offers a convenient way of doing so: pixels at lower resolution than the original resolution of the maps mark those regions in which the correlation should be computed. Only one value of the correlation coefficient is obtained per "mother pixel". Thereby a full map of correlation values is created. Choosing a different resolution of course changes the size of the mother pixels and thus the scale at which the correlation maps are investigated. In the following we denote a mother pixel by Ω. Eq. 3.1 defines the weighted and unbiased sample covariance between two signals S 1 and S 2 in Ω. w i (p) stands for the weight of signal i in pixel p.
where N Ω is the number of pixels within Ω. With S i,w (Ω) we denote the weighted average of S i (p) in Ω, defined as:
Finally, the weighted and unbiased correlation coefficient K in Ω can be calculated as:
Note, that due to the normalization, the monopole component of the respective maps has no impact on K -only the structure in the sky is evaluated.
Weights
Comparing the provided RMS maps with the respective signals reveals that the errors are of considerable order. Especially the free-free component's relative uncertainty is very high at high galactic latitudes. We adopt for our analysis a weighting coefficient whose rigor can be tuned by choice of the parameter n:
will result in a weight close to 0 whereas low ratios approach 1. Furthermore, larger values of n correspond to weights chosen with greater rigor. A very high n will effectively produce a mask only regarding regions of a signal-to-error ratio larger than 1.
In our following analysis of weighted correlations we will restrict ourselves to n = 1, 2 and as an exemplary choice of a high n, n = 10. Figure 2 shows maps of the resulting weights for each of the choices of n for every foreground. We notice that free-free emission has by far the lowest signal-to-error ratio (disregarding the galactic plane). The weights of the two AME signals show slight domination of the errors at the ecliptic poles, whereas the thermal dust and the synchrotron map appear to be the cleanest (Note the ranges of the color scale of the respective maps). For another view on the distribution of weights for the different choices of n, see figure 3.
Assessment of correlations.
To assess the significance of found correlations we define a statistical ensemble of realizations, based on general properties of the maps S 1 and S 2 . We would like to emphasize that both these maps represent statistically inhomogeneous and non-Gaussian signals. Hereto, all foreground's PDFs can be seen in the left panel of figure 4 . 2 In this paper, we focus on the properties of the AME maps in comparison to the synchrotron, free-free and thermal dust emission maps. We therefore create artificial signals based on the respective AME maps, as described below, which we then correlate with the remaining foreground maps for comparison with the real correlation. Firstly, we decompose the AME signal into spherical harmonics: Figure 2 . Maps of the weights calculated for the respective foregrounds. From top to bottom: AME, AME2, free-free emission, synchrotron emission and thermal dust emission. From left to right: n = 1, n = 2 and n = 10 where |S lm | are the amplitudes and Φ lm are the phases of each (l, m) mode, respectively. The power spectrum of S AM E -map is then given by
of the phases Φ lm . For a statistically inhomogeneous and non-Gaussian signal the statistical distribution of phases is far from a uniform distribution, with different correlations between (l, m) and (l + k, m + n) modes for various k, n = 0, 1, 2... . At the same time, detecting a common morphology in two maps, say AME and another foreground map, means that the phases Φ lm and the phases for the foreground signal, Ψ lm , are strongly correlated, Φ l,m Ψ lm . The last statement gives us an idea of how to generate a statistical ensemble of realizations of artificial AME maps, which could only have chance correlations with synchrotron, free-free or thermal dust maps. For that, we extract the amplitudes of the AME maps |S lm | from Eq(3.5) and select the phases ψ lm randomly from a uniform distribution within [0, 2π]. Combining |S lm | and ψ lm to S rand lm = |S lm | exp(iψ lm ) for each realization. The right panel in figure 4 shows the PDFs of all 1000 random AME1 maps, generated as just described, compared to the actual signal. 3 The same process has been applied to the AME2 map (not shown here). . Left: Probability density functions for used foreground templates. Right: Probability density function of AME1 compared with that of a randomly generated AME1 sky as described in the text.
K-maps for AME and synchrotron, free-free and dust emission maps
In this section we summarize the results of mosaic cross-correlations for the two AME skies with synchrotron, free-free and thermal dust maps. N side = 256 for all input maps which defines the area of each pixel to q p = 4π/N p , where N p is the number of pixels for N side . The sizes of the mother pixels, Ω, are chosen according to the lower resolutions N side = 64, 32, 16, 8 which correspond to the sizes Q Ω = N Ω q p , with N Ω = 16, 64, 256, 1024. N Ω is the number of pixels within one mother pixel for a given N side . The angular extent of each pixel in the original resolution is θ p ≈ 14 arcmin and for the mother pixels θ p ≈ 55 arcmin, 1.8 • , 3.7 • and 7.4 • .
Before showing the results of the weighted correlations, we choose to neglect the errors of both maps to obtain a regular, unweighted correlation. For this, we use the maximum likelihood map rather than the mean value map, as already mentioned in sec. 2. In the subsequent section we then include the errors and weight the mean value data with the three different coefficients introduced in section 3.2, corresponding to different levels of rigor towards the data.
Unweighted correlations
We start our analysis with unweighted correlations, corresponding to the assumption that σ i = 0 and thus w i = 1. Figure 5 shows the correlation maps for the combinations of AME1 and AME2 with free-free emission, synchrotron radiation and thermal dust emission for all discussed pixelizations. Strong correlations are found for all combinations along the galactic plane. When showing the PDFs of each of the maps in figure 6 , we therefore plot both -a PDF of all pixels of the map as a dotted line and another as a solid line after excluding the galactic plane, simply taken to be a uniform band of 30 • opening angle centered around the galactic plane. We notice that, as expected, high correlation values are removed. In addition, the average PDF over 1000 simulations, computed as described in section 3.3, are shown as a black line with those of all single simulations in gray indicating the spread. 
Weighted correlations
Now, we include the errors σ i (p) and therefore use the mean value maps as S i (p) instead of those of maximum likelihood. We saw in figure 3 .4 that the weights corresponding to the free-free map will have by far the largest impact on the correlations, compared to the other foregrounds' weights. Indeed, we see that after taking the weights under consideration only the correlations of AME with free-free emission deviate significantly from the unweighted ones. Therefore, we here only show the results of those correlations, while we move the results regarding synchrotron radiation and thermal dust emission to the appendix (figures 14 -19) . The correlation maps for n = 1, 2 and 10 can be seen in figures 7, 8 and 9 , while the corresponding PDFs are shown in figures 10, 11 and 12, respectively. 
Comparison of weighted and unweighted results
It is apparent that the simulations as well as the actual cross-correlations change their distribution function according to the size of the mother pixels Ω. In order to portray this fact and also to compare all correlations, in figure 13 we simply show the mean value of the coefficients E(K) = K K · P (K), where P (K) is the PDF for a given resolution. E(K) acts as the average similarity of the AME components in respect to the other foregrounds from the smallest angular scale of about θ p 0.9 • up to θ p ≈ 7.4
• . The corresponding range of multipoles for those scales can be estimated as l · θ p ≤ 1, which gives l ≤ 126 for N Ω = 16 and l ≤ 16 for N Ω = 1024.
As one could already see in the PDFs (figures 6,10-12,17-17) and now more clearly from figure 13 , the correlations of foreground components can be separated into correlations, more pronounced at small (as AME and thermal dust) and at large angular scales (as AME and free-free). The most distinct positive correlations (E(K) ≈ 10 − 50%) are detected for AME1 and AME2 with thermal dust at all scales, increasing for larger scales. Hardly influenced by scale, the correlations between AME and synchrotron emission lie steady around 10 −20 %. As already mentioned, for both, AME with thermal dust and AME with synchrotron, weighting does not change their behavior noticeably.
The unweighted correlation between AME and free-free emission shows an opposite trend to that of the thermal dust correlation. Here E(K) ranges between -20 and -40% for small scales and goes to zero for larger ones. When applying weights to the data, the strong negative correlation is pushed to higher values. For large scales the values even grow to be positive up to + 20 %.
Conclusion
We have computed weighted mosaic correlations between recently released foreground templates of the Planck Collaboration. This method allows for the determination of correlations within defined regions, filling out the entire sky. Since the method only takes place in pixel space, it can be applied to inhomogeneous, anisotropic signals on the sky, as is the case here. When altering the size of the pixels, one obtains correlations corresponding to different scales. We then simply chose the expectation value of the distribution of correlation coefficients for each probed scale as a rough estimator of the manifestation of correlation and thereby obtained a scale dependency of the correlation. Furthermore, we included the errors on the signals, provided by the Planck data product, by introducing appropriate weights. These could be tuned to vary the emphasis put on data points with signal-to-error ratios below or above 1.
A strong positive correlation was detected for AME and thermal dust, for both, the unweighted and weighted case. Also the correlation of both AME components with synchrotron radiation give a pronounced positive correlation. As mentioned before, the positive correlation with thermal dust is in accordance with the earliest studies of AME. Due to the common relation of both -the dust particles causing AME and electrons causing synchrotron radiation -to the galactic magnetic fields, the correlation with synchrotron emission was also to be expected.
Both AME components show a strong anti-correlation with free-free emission at small angular scales for the unweighted case, especially at the smallest angular scales. We noticed an even stronger anti-correlation for AME2 with free-free emission than for AME1. After including the weights in the calculation, the anti-correlation decreases noticeably on small scales, while we even see positive values on larger scales. Negative correlation is restored again on all scales for the choice of the most rigorous weights at n = 10. The weighted correlations differ substantially from the unweighted ones when we regard the free-free template. Due to its very small signal-to-error ratios on medium to high galactic latitudes, the weights w i (n = 1, 2) seem to induce positive correlations among AME and free-free emission, formerly anti-correlated. Values of those pixels with a low signal-to-error ratio are pushed down towards zero by the weights. We therefore obtain positive correlations with the AME skies because they as well have low values in exactly those regions. The choice of w i (n = 10) basically forces all pixels with signal-to-error ratios less than 1 completely to zero. It appears that those pixels causing the positive correlation for the choice of n = 1, 2 are now contributing to the negative correlation. Our conclusion must be that the positive correlations at high galactic latitudes should not be taken seriously. Moreover, we should acknowledge that the negative correlations closer to the galactic plane are robust as they survive even the most aggressive weights.
We interpret these results by claiming that the nano-particles causing AME are pushed out of the hot zones within our galaxy. The electrons, responsible for free-free emission, remain in these zones, perhaps being held back by abundant ions.
Understanding the composition and the dynamics of the ISM is essential in separating galactic foregrounds and in the long run is vital for a correct insight in the early Universe, including the detecting of a cosmological gravitational wave background. Assuming that the AME skies provided by the Planck Collaboration describe the true anomalous emission sufficiently well, we believe that our result should be taken into account in future work on models of AME and the ISM. 
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